INTRODUCTION
============

Plants experience various types of drought stress during their life cycle. This stress is sometimes acute and short, and other times it is long and life-threatening. Plants respond to water deficiency by exhibiting many physiological and developmental changes ([@b90-molce-41-8-781]; [@b112-molce-41-8-781]). The immediate response to drought stress might be turgor pressure changes in guard cells via ion- and water-transport systems across membranes, which induces stomatal closure ([@b76-molce-41-8-781]) to prevent water evaporation. Plants cope with the stress by inducing genes that directly protect against environmental stresses, as well as those that regulate gene expression (transcription factors) and signal transduction (phytohormones) in the stress response ([@b9-molce-41-8-781]; [@b32-molce-41-8-781]; [@b69-molce-41-8-781]; [@b73-molce-41-8-781]; [@b108-molce-41-8-781]). Plants produce oxidant species detoxifying enzymes such as superoxide dismutase, catalase, peroxidase, and glutathione reductase ([@b77-molce-41-8-781]). To induce these stress-inducible genes, plants have at least two major pathways, an abscisic acid (ABA)-dependent and an ABA-independent pathway ([@b96-molce-41-8-781]; [@b97-molce-41-8-781]). A rice orthologue of the ABA receptor, *OsPYL*/*RCAR5*, has been identified as a positive regulator of the ABA signal transduction pathway together with other components such as *OsPP2C30*, *SAPK2*, and *OREB1*, and it might play a pivotal role in the ABA-related pathway ([@b45-molce-41-8-781]).

Flowering is one of the key factors for plants to survive, through which plants hand down genetic components to the next generation. Along with the developmental stages, environmental factors such as day length (photoperiod) and temperature greatly influence flowering ([@b61-molce-41-8-781]). In terms of day length, plants are usually classified as short-day (SD) or long-day (LD) types, and day length-dependent florigens have been postulated to initiate flowering. In rice, Heading date 3a (Hd3a) and RICE FLOWERING LOCUS T1 (RFT1) are main florigenes under SD and LD, respectively ([@b30-molce-41-8-781]; [@b35-molce-41-8-781]). *Heading date 1* (*Hd1*, counterpart of CO in Arabidopsis) acts as a transcription activator for *Hd3a* in SDs but as a repressor in the presence of functional *O. sativa Phytochrome B* in LDs ([@b30-molce-41-8-781]; [@b35-molce-41-8-781]). *Early heading date 1* (*Ehd1*) has been identified as a rice-specific B-type response factor that acts in both LDs and SDs to promote *Hd3a* and *RFT1* mRNA expression. The expression of *Ehd1* is regulated by various repressors or activators, *Ghd7*, *Ehd2*, *Ehd3*, *Ehd4*, *OsMADS51*, *OsLFL1*, and *OsPPR37*/*DTH7*, in day length-dependent or -independent manners ([@b19-molce-41-8-781]; [@b26-molce-41-8-781]; [@b43-molce-41-8-781]; [@b48-molce-41-8-781]; [@b52-molce-41-8-781]; [@b64-molce-41-8-781]; [@b80-molce-41-8-781]; [@b100-molce-41-8-781]; [@b106-molce-41-8-781]; [@b111-molce-41-8-781]; [@b113-molce-41-8-781]). Florigenes are expressed in the phloem of rice leaf blades under short-day conditions and move to the SAM to initiate the floral transition. In rice, Hd3a associated with a 14-3-3 protein in the cytoplasm translocates to the nucleus and forms the florigen activation complex ([@b100-molce-41-8-781]). The complex regulates a MADS box-containing transcription factor, Os07g0108900 (*OsMADS15*), which is a homolog of the *Arabidopsis* floral identity gene *APETALA1*.

Plants growing in many regions of the world demonstrate a plasticity of plant form in an altered environment ([@b3-molce-41-8-781]; [@b6-molce-41-8-781]; [@b27-molce-41-8-781]; [@b31-molce-41-8-781]). Genetic and ecologic studies have revealed that plants have exploited these physiological aspects and evolved several strategies to maximize the ability to survive in harsh nature based on their genetic components ([@b57-molce-41-8-781]; [@b65-molce-41-8-781]). In extreme condition, plants survive in dry environments with internal water deficits through drought tolerance (DT). Plants also use a drought avoidance (DA) strategy to maintain internal water in a dry environment by minimizing water loss and/or maximizing water uptake. The drought escape (DE) strategy is attained through a short life cycle or growing season. The DE response is characterized by early flowering, and plants adaptively shorten their life cycle to make seeds before severe stress leads to death ([@b83-molce-41-8-781]). Even within species, these strategies are differentially used according to their habitats, which involve distinct genetic components. In Arabidopsis, *FRIGIDA* (*FRI*), which was originally studied as a component of vernalization, encodes a transcription factor that activates *flowering locus C* (*FLC*) and regulates the flowering time response to drought stress in plants ([@b56-molce-41-8-781]; [@b87-molce-41-8-781]). Weakly expressed FRI alleles confer a DE strategy owing to the fast growth, low water use efficiency and early flowering. By contrast, a DA strategy is conferred by functional genes that lead to late flowering, slow growth and efficient water use during photosynthesis ([@b56-molce-41-8-781]). In Arabidopsis, [@b83-molce-41-8-781] have shown that the flower-promoting gene *GIGANTEA* (*GI*) and the florigen genes *FLOWERING LOCUS T* (*FT*) and *TWIN SISTER OF FT* (*TSF*) are key factors for the DE response mediating ABA-dependent responses, positively regulating flowering under long-day conditions. In rice, a short day plant, DE and DT are also observed in the genetic dissection of adaptive strategies to water stress ([@b109-molce-41-8-781]). QTL data suggest that the genetic systems underlying the two adaptation strategies are largely non-overlapping.

The homeobox (HMB) is a 180-bp consensus DNA sequence that encodes a 60-amino-acid protein domain, the homeodomain (HD) consisting of three α-helices separated by a loop and a turn. Due to the DNA-binding structure, the HD-containing protein can bind to specific sequence of other genes and act as a transcription factor. Plant HMB genes have been implicated in various developmental processes and hormone response pathways throughout the plant life cycle ([@b12-molce-41-8-781]; [@b29-molce-41-8-781]; [@b38-molce-41-8-781]). They shape the plant architecture and control the establishment and maintenance of the shoot and root apical meristem. They also regulate the transition to flowering and control the development of the ovule and fruit. In various plant species, the roles of several homeobox genes have also been implicated in abiotic stress responses ([@b5-molce-41-8-781]). Genome-wide scale and phylogenetic analyses of the rice HMB family in this family revealed well-supported subfamilies ([@b2-molce-41-8-781]; [@b38-molce-41-8-781]). The number of rice HD TFs are further subdivided into 79 HB-PHD, 61 HD-ZIP and 17 HB-Other ([@b41-molce-41-8-781]) according to their other secondary structural components. In addition to HD, each subfamily might contain one or more specialized domain(s). WUSCHEL (WUS), the first identified member of the subfamily, was first isolated from Arabidopsis, followed by rice (OsWUS) and maize (ZmWUS1, ZmWUS2). Among them, WUSCHEL-related homeobox (WOX) genes are plant-specific, and their products, WOX proteins, form a large subfamily ([@b18-molce-41-8-781]; [@b70-molce-41-8-781]; [@b115-molce-41-8-781]). These proteins function in various physiological and developmental processes, especially embryonic patterning, stem cell maintenance and organ formation. Phylogenetic analysis has provided good support for the division of WOX subfamily into three separate orthologous groups (OGs), WOX1, WOX8 and WOX13, among which WOX13 OG is regarded as the most conserved clade ([@b18-molce-41-8-781]; [@b55-molce-41-8-781]; [@b102-molce-41-8-781]). The two Arabidopsis WOX13 genes, AtWOX13 and AtWOX14, function in organ initiation and development, most likely by preventing premature differentiation ([@b18-molce-41-8-781]). Rice WOX genes are differentially expressed during the life cycle of rice based on microarray-based gene expression profiling in the rice Indica cultivar MH63 ([@b15-molce-41-8-781]).

In this study, we isolated *OsWOX13* (*OsWOX9B*), which is induced during the acute dehydration response ([@b66-molce-41-8-781]; [@b115-molce-41-8-781]). *OsWOX13* is differentially regulated in vegetative and reproductive organs, demonstrating spatially regulated expression in vascular tissue of leaf/stem/root and temporally regulated expression in flowers and developing seeds. Overexpression of *OsWOX13* in rice under a water deficit specific promoter (*Rab21*) results in drought tolerance and early flowering in transgenic plants.

MATERIALS AND METHODS
=====================

Multiple sequence alignment and phylogenetic analysis
-----------------------------------------------------

WOX genes from Arabidopsis, rice and maize were collected from [@b114-molce-41-8-781] and edited due to the authors' intention ([Supplementary Table S1](#s2-molce-41-8-781){ref-type="supplementary-material"}). Because OsNS1 and OsNS2 are duplications, only OsNS1/OsNS was used in the multiple sequence alignment and phylogenetic analysis. The conserved HD was detected using the blast program provided by NCBI at <http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi> ([@b63-molce-41-8-781]) with default options.

Multiple sequence alignments of 48 HDs of WOX proteins or 8 full-length protein sequences of WOX13 OG were performed using ClustalW function in MEGA4.0.2 ([@b95-molce-41-8-781]) with default parameters and visualized with GeneDoc2.7.000 ([@b71-molce-41-8-781]).

The evolutionary history of the WOX sub-family was inferred using the neighbor-joining method ([@b85-molce-41-8-781]) with the phylogeny function in the same MEGA4 software with bootstrap values ([@b23-molce-41-8-781]) inferred from 1000 replicates. The evolutionary distances were computed using the Poisson correction method ([@b118-molce-41-8-781]) and are presented as the units of the number of amino acid substitutions per site. All positions containing gaps and missing data were eliminated from the dataset (complete deletion option).

Vector construction and transformation in rice
----------------------------------------------

For construction of the overexpression and promoter analysis vector, the coding sequence of OsWOX13 and the 2-kb gDNA fragment upstream of the start codon were isolated (primer sequences are shown in [Supplementary Table S2](#s3-molce-41-8-781){ref-type="supplementary-material"}) and inserted into binary vectors by the Gateway technique (Invitrogen). OsWOX13 is controlled by rab21, a water deficit specific promoter isolated from rice ([@b68-molce-41-8-781]; [@b82-molce-41-8-781]). The constructs of the expression cassettes are shown in [Supplementary Fig. S6B and S6C](#s1-molce-41-8-781){ref-type="supplementary-material"} and were then introduced into *Agrobacterium tumefaciens* LBA 4404 by triparental mating and transfected into embryogenic calli from mature seeds (*Oryza sativa* L. cv. Ilmi) as previously described ([@b39-molce-41-8-781]).

Plant growth, abiotic stress treatment and PCR
----------------------------------------------

Rice seeds (*Oryza sativa* L. *japonica*) were geminated on MS0 (Murashige and Skoog) medium, incubated in a growth chamber (28°C, 2 days in dark followed by 2 days in the light), and then transferred into soil and grown in a greenhouse (16-h-light/8-h-dark cycle). Fourteen-day seedlings were then removed from the soil and air-dried in a growth chamber at 28°C with a humidity of 40% and continuous fluorescent light. The non-stressed control leaves were collected directly from in-soil plants. For other stresses, seedlings were washed to remove soil and maintained in fresh water. The control, heat and cold treatment were 28°C, 42°C and 4°C chamber, respectively. Sodium chloride was added to the water to a final concentration of 400 mM to induce salt stress. All leaves were collected after 3 h of each treatment. For plants growing in the field, mature leaves of the transgenic line 8-4-1 were collected at day 40, 33, and 25 prior to the heading date.

Total RNAs were extracted using TriReagent (Molecular Research Center, Inc.) according to the manufacturer's manual. For first-strand cDNA synthesis, 5 μg of total RNA was reverse-transcribed using the RevertAid H Minus First Strand cDNA Synthesis kit (Fermentas) according to manufacturer's manual ([@b10-molce-41-8-781]). The cDNA mixture of rice was then diluted twice. Gene-specific primers were designed using the Primer Designer 4 software (Sci-ed. Software, NC) or Primer-BLAST tool (<http://ncbi.nlm.nih.gov>). PCR was performed in a 20-μl volume containing 1 μl rice cDNA aliquot, 0.25 pM gene-specific primers, and 10 μl 2x PCR master mix (GeneAll Biotechnology Co., ltd). The reaction included an initial 2-min denaturation at 94°C, followed by 25 to 35 cycles of PCR (95°C for 30 s, 55°C for 30 s, 72°C for 30 s). Subsequently, 9.5 μl of the reaction mixture was separated on a 1.5% agarose gel. The relative ratio to ubiquitin was determined by quantifying the band intensity using Multi-Gauge v2.3 (Fujifilm, Japan) and then dividing it by the corresponding ubi band. To determine the RT-PCR reproducibility, the experiment was repeated 3 times with 2 independent biological replicates.

Promoter analysis by GUS staining
---------------------------------

Rice seeds (*Oryza sativa* L. *japonica*) were geminated and grown in a greenhouse as mentioned above. Samples were collected at different developmental stages due to experimental requirements, and the histochemical localization of β-glucuronidase (GUS) was examined using 5-bromo-4-chloro-3-indolyl β-D-glucuronidase (X-gluc) based on a standard protocol ([@b8-molce-41-8-781]). For cytological analysis, plant tissues were embedded in Technovit 8100 resin (Heraeus Kulzer, <http://www.kulzer-technik.de/>) based on the manufacturer's manual. Microscale sections were visualized using an Olympus Fluoview FV1000 confocal microscope (<http://www.olympus-global.com/>) with/without staining with 0.05% toluidine blue.

*Cis*-binding element identification
------------------------------------

To determine the putative *cis*-binding element of OsWOX13, a protein binding microarray was carried out using *E. coli-*expressed protein. The coding sequence of the *OsWOX13* gene was fused to DsRed and His tagged using pET32a (Novagen, Germany) as a backbone. The protein was induced by IPTG according to the manufacturer's manual. The induced protein was then purified via the His tag using Ni-NTA resin from Qiagen. Then, the purified OsWOX13 -DsRed-His fusion protein was used in the 9-mer Protein Binding Microarray, Q9-PBM ([@b44-molce-41-8-781]). The experiment was repeated twice with 2 independently prepared proteins.

Electrophoretic Mobility Shift Assay (EMSA)
-------------------------------------------

EMSA was performed with 5′-biotinylated probes and unlabeled competitors according to the manufacturer's manual (Thermo Scientific, USA) to confirm the binding ability of protein with putative *cis*-binding elements isolated from the protein binding microarray. Gel images were then quantified by Multi Gauge 2.3 (Fujifilm, Japan).

To acquire further detail about the strength of the binding affinity based on the Kd value, another EMSA experiment was conducted using Sybr Gold (S11494, Invitrogen) as an indicator. The reactions were carried out with various DNA substrate concentrations (0, 0.1, 0.2, 0.4, 0.8, 1.2, 2, 4, 6 μM) with 5 μg of OsWOX13. Binding was performed in binding buffer (10 mM Tris, 50 mM KCl, 1 mM DTT, pH 7.5) supplemented with 50 ng/L polyIC, 2.5% glycerol, 0.05% NP40, and 5 mM MgCl2 at room temperature for 1 h. After incubation, the reaction mixtures were added, which consisted of 2 μl 10X EMSA loading dye, and loaded on an 8% polyacrylamide gel. The gel was stained with Sybr Gold solution for 30 min and observed under UV light. The intensity of the DNA band was quantified using the GelPro3.0 analyzer program (MediaCybernetics Inc., USA) and transferred into SigmaPlot10.0 (Systat Software Inc., USA) to analyze the Kd value. The data were fit to the following equation: Y = Bmax\*X/(Kd+X), where Bmax is the maximal binding and Kd is the concentration of ligand required to reach half-maximal binding.

Rice 3′-Tiling 135 k microarray analysis
----------------------------------------

For expression microarray analysis, non-transgenic and OsWOX13 overexpression rice seeds were germinated in soil, transferred into pots and grown in natural conditions outside the greenhouse from May to October, which is the main harvest period in Korea. Panicles were collected based on size, i.e., 1--3, 8--15, and 20.5--22 cm as P1, P8 and P21 cm; respectively. Moreover, panicles at 5-days after pollination (5DAP) were also collected to analyze the developing seed. Leaves (L) at the stage of 4 weeks before heading, which was around the date of panicle initiation, were used as a reference. Each tissue from non-transgenic plant was used as a control for the corresponding tissue from the overexpression line.

Total RNAs were extracted and used in the rice 3′-Tiling 135 k microarray experiment (designed by NimbleGen, <http://www.nimblegen.com>). The rice 3′-Tiling 135k microarray was designed using 31,439 genes (<http://rapdb.lab.nig.ac.jp>). Multiple analyses were performed with the limma package in the R computing environment ([@b91-molce-41-8-781]) as described previously ([@b11-molce-41-8-781]). The package adopts the linear modeling approach implemented by lmFit and the empirical Bayesian statistics implemented by eBayes. Genes with an adjusted-p-value less than 0.05 were collected and further assessed for gene expression levels higher than 1 or lower than −1 for at least at one stage compared with the control.

To organize the genes in the context of pre-existing biological knowledge, the entire list of selected genes with the expression level was loaded into the Parametric Analysis of Gene Set Enrichment (PAGE) on agriGO (Du et al., 2010) with *Oryza sativa* as the analyzed species and other options as the default. Redundant GOs were then removed using REViGO ([@b93-molce-41-8-781]) with an allowed similarity of 0.7.

To determine putative target genes of OsWOX13, the 2-kb long promoter regions of all rice genes in the microarray experiment were retrieved from RAP-DB (<http://rapdb.dna.affrc.go.jp/>). The genes with a promoter containing ATTGATTG were selected using an in-house Perl script. Overlap with preferential expressed genes was determined using Venn Diagrams provided by Oliveros ([@b74-molce-41-8-781]).

Motif extraction from 2-kb promoters of the genes
-------------------------------------------------

Promoter region (2 kb) was extracted from the IRGSP1.0 database and searched for the ATTGATTG element.

RESULTS
=======

OsWOX13 is a homeodomain-containing transcription factor
--------------------------------------------------------

To classify WOX genes according to their structure, 126 WOX genes were collected from 17 model plants, including seven angiosperms (five dicots and two monocots), five gymnosperms, one lycopodiophyta, one bryophyte and two green algae ([Supplementary Table S1](#s2-molce-41-8-781){ref-type="supplementary-material"}). Before building a phylogenic tree, 65--69-amino-acid HDs of the translated proteins were aligned, and highly conserved amino acids were observed ([Supplementary Fig. S1](#s1-molce-41-8-781){ref-type="supplementary-material"}). To examine the evolutionary history of the WOX genes, we performed a phylogenetic analysis with the above HD sequences using the neighbor-joining (NJ) method. [Figure 1](#f1-molce-41-8-781){ref-type="fig"} shows the NJ tree with three clearly distinguishable clades: WOX1, WOX8 and WOX13. Os01g0818400 was the only rice gene that clustered in WOX13 clade and was named *OsWOX13*. Among the genes in the WOX13 clade, OsWOX13 had the closest relationship with four genes named ZmWOX13A, 13B, 14A and 14B in maize ([Supplementary Table S1](#s2-molce-41-8-781){ref-type="supplementary-material"}; [@b115-molce-41-8-781]).

To further investigate the structure of OsWOX13, the full-length sequence of eight WOX13s from three model plants were aligned: a dicot, Arabidopsis and two monocots, rice and maize ([Supplementary Fig. S2](#s1-molce-41-8-781){ref-type="supplementary-material"}). As reported by [@b18-molce-41-8-781], in addition to HD, WOX13 clade has a WOX13, a YxDpl and an ESExE motifs. OsWOX13 contains all four of the above domains and shares a monocot-WOX13-specific motif with maize proteins. Among three proteins from Arabidopsis, excluding the possible pseudogene AtWOX10 ([@b18-molce-41-8-781]), OsWOX13 showed a closer relationship/more similarity to AtWOX13 than AtWOX14. The homeodomain of OsWOX13 shared 90% amino acid identity to that of AtWOX13 and only 74% with AtWOX14.

*OsWOX13* is expressed in most vascular tissues related to development
----------------------------------------------------------------------

To investigate the expression pattern of *OsWOX13* during growth and development, we first collected information from our microarray data and observed the induction of *OsWOX13* in root, different stages of panicle development, germinating seed and regeneration callus ([@b11-molce-41-8-781]). Then, we examined expression by RT-PCR using tissues at different developmental stages ([Supplementary Fig. S3](#s1-molce-41-8-781){ref-type="supplementary-material"}). Although the degree of expression varied among the organs, *OsWOX13* was detected in most examined tissue. It was especially highly expressed in young root, leaf sheath, around the shoot apex and in the panicle. This result agreed with the microarray data and suggested that *OsWOX13* is expressed in developing organ/tissue.

To gather more details about the tissue-specific expression of *OsWOX13*, we created transgenic plants with the *GUS* reporter gene under the control of 2 kb of the *OsWOX13* upstream regulatory sequence. No GUS staining was observed in dormant seed ([Fig. 2A](#f2-molce-41-8-781){ref-type="fig"}), but the scutellum showed a blue color after 2 days of imbibition ([Fig. 2B](#f2-molce-41-8-781){ref-type="fig"}), and the intensity increased in later stages of seed germination ([Fig. 2C](#f2-molce-41-8-781){ref-type="fig"}). *OsWOX13* was expressed in the vascular tissue of 5-day leaf ([Fig. 2D](#f2-molce-41-8-781){ref-type="fig"}) and in the tiller with developed vascular tissues of 6-week-old seeding ([Figs. 2J--2L](#f2-molce-41-8-781){ref-type="fig"}). Primordia of crown roots from the main stem and developing tiller showed no *GUS* expression due to the absence of vascular bundles, VBs ([Figs. 2K and 2L](#f2-molce-41-8-781){ref-type="fig"}). In the node of an unelongated stem, *GUS* was strongly expressed in large VBs ([Fig. 2N](#f2-molce-41-8-781){ref-type="fig"}) and nodal vascular anatomoses (NVA, [Fig. 2O](#f2-molce-41-8-781){ref-type="fig"}). Large VBs from the lower node are surrounded by the NVA, which are a cyclic vascular system in the basal region of the nodes ([Fig. 2N](#f2-molce-41-8-781){ref-type="fig"}) and another large VB from the upper node became diffuse bundles (DVs) and enclosed the enlarged large VBs ([Fig. 2O](#f2-molce-41-8-781){ref-type="fig"}). The expression of *OsWOX13* in all types of vascular tissue led to its presence at a high intensity, especially in unelongated stem.

During root development, blue color was observed along the crown root and stopped at a distance far from the root tip ([Fig. 2E](#f2-molce-41-8-781){ref-type="fig"}). In the radicle, the GUS signal was not distributed evenly but accumulated in junctions with mature lateral root (LR, [Fig. 2H](#f2-molce-41-8-781){ref-type="fig"}). This expression pattern was also found in roots of mature plants, in which the GUS signal was distributed along the crown and young roots ([Supplementary Fig. S4C](#s1-molce-41-8-781){ref-type="supplementary-material"}) and accumulated in mature LR junctions in old roots. The highly specific expression of *OsWOX13* led to its absence in apical meristem of root and shoot (RAM and SAM, [Figs. 2E and 2M](#f2-molce-41-8-781){ref-type="fig"}), where there was no vascular tissue. However, [Supplementary Fig. S3](#s1-molce-41-8-781){ref-type="supplementary-material"} shows that this gene was strongly activated in the region around SAM, a special structure of the vascular system in the nodal portion of rice (Hoshikawa 1989; Yamaji and Ma, 2009; Yamaji et al. 2013).

Unlike the constitutive expression in vascular tissue of vegetative organs, *OsWOX13* was expressed in a development-dependent manner in flowers and seeds. After the panicle developed, the *GUS* signal was consistently detected in the vascular tissue up to the receptacle ([Fig. 2Q](#f2-molce-41-8-781){ref-type="fig"}), but not in the early development stage ([Fig. 2P](#f2-molce-41-8-781){ref-type="fig"}). When the panicle reached 8--15 cm, it strongly accumulated in the anther and then disappeared in this organ at the stage before pollination, together with its increased expression in the pistil ([Figs. 2R and 2S](#f2-molce-41-8-781){ref-type="fig"}). After pollination, the whole pistil was stained blue and maintained up to 2 days after pollination (DAP). Then, the signal became weaker by the time of seed development and ceased at the stage of 10DAP ([Figs. 2T and 2U](#f2-molce-41-8-781){ref-type="fig"}). Thus, *OsWOX13* is expressed during the initiation stage of male reproductive organ development but in the mature stage of the female organ. Additional expression information is provided in [Supplementary Fig. S4](#s1-molce-41-8-781){ref-type="supplementary-material"}.

*OsWOX13* is induced by acute dehydration and its overexpression lines performed better against dehydration and water withdrawal
--------------------------------------------------------------------------------------------------------------------------------

In an effort to understand how rice responds to drought stress, we observed the plant response to dehydration by the up- or down-regulation of many processes involved in inhibiting growth and development in leaf and root ([@b66-molce-41-8-781]). In the data, 36 *HD* containing transcription factors were 1.6-fold up or down-regulated ([Supplementary Fig. S5](#s1-molce-41-8-781){ref-type="supplementary-material"}), including seven *WUSCHEL*-related *homeobox* (*WOX*) genes. The intensities of *OsWOX13* leaf and root were enhanced 2 times higher than those at the initial stage and ranged from 6000 to 7000. In contrast, *rab21* (Os11g0454300), a drought-inducible marker, was enhanced 4--5 times higher than *OsWOX13*, and its maximal intensities reached 23000 to 54000. RT-PCR analysis confirmed that *OsWOX13* was up-regulated under drought stress in leaf and root ([Fig. 3A](#f3-molce-41-8-781){ref-type="fig"}). Markers for the dehydration response, *rab21* and *dip1*, were also up-regulated after drought stress treatment. Although *OsWOX13* was also induced by various stressors such as heat, cold and high salt, its induction was clearly induced by drought stress ([Fig. 3B](#f3-molce-41-8-781){ref-type="fig"}).

*WOX* genes are specifically expressed in plants, which is involved in the early phases of embryogenesis and lateral organ development in plants ([@b28-molce-41-8-781]). *OsWOX13* is expressed in most vascular system with a high degree of variation according to the organ and induction during drought response. Since homeodomain TFs have been implicated in many aspects of development, we thought *OsWOX13* might be involved in the modulation of development and the drought response. To test this hypothesis, we attempted to enhance the expression of the gene with the *rab21* promoter, which is enhanced by drought (OsWOX13-ov, [Supplementary Fig. S6A](#s1-molce-41-8-781){ref-type="supplementary-material"}). The vector OsWOX13-ov contains *bar* as a selectable marker. It also contains *GFP* under the *Wsi18* promoter to facilitate the selection of homozygotes at the seed stage. The vector was then introduced into embryogenic calli collected from mature seeds (*Oryza sativa* L. cv. Ilmi) as described in the methods. Initially, 37 stable transformants (T0) were collected, and the integration sites were determined by FSTVAL, a transgene flanking sequence validator ([@b46-molce-41-8-781]). To avoid by genic localization of the transgene, transformants with a single copy in intergenic regions were selected, and 5 transformants were selected and passed through generation iterations ([Supplementary Table S2](#s3-molce-41-8-781){ref-type="supplementary-material"}).

To investigate whether the expression of *OsWOX13* was correlated with abiotic stress tolerance, 4-week-old seedlings of the non-transgenic control (WT) and its 3 independent transgenic rice were subjected to drought-induced stress ([Fig. 4](#f4-molce-41-8-781){ref-type="fig"}). First, 4-week-old seedlings were kept in soil and then subjected to 1 day of drought. Under these conditions, all the leaves of the wild type plant had completely rolled and bent down, while transgenic plants still retained some opened and upright leaves ([Fig. 4A](#f4-molce-41-8-781){ref-type="fig"}, middle). In contrast to the wild type leaves, which were permanently damaged, approximately half of the OsWOX13-ov leaves were able to recover after 2 days of re-watering ([Fig. 4A](#f4-molce-41-8-781){ref-type="fig"}, right). Thus, transgenic plants experienced a faster recovery compared with the control plants. The overall survival rate was also higher in plants that overexpressed *OsWOX13*; thus, 1-1-1, 8-4-1, 30-5-1 lines showed survival rates of 83.3, 91.7, and 83.3%, respectively, after 7 days of re-watering, while wild type showed 54.2%.

We tested the expression of *OsWOX13* by RT-PCR using gene specific primers. *OsWOX13* was weakly expressed under non-stressed conditions ([Fig. 4B](#f4-molce-41-8-781){ref-type="fig"}), while it was much more enhanced under acute dehydration. The band intensities of all the transgenic plants were strongly enhanced compared with the non-transgenic plants as expected. We tested the expression with transgene specific primers as indicated for F-attB2 in [Supplementary Fig. S6](#s1-molce-41-8-781){ref-type="supplementary-material"}, and the expression patterns were the same with those with gene-specific ones, suggesting the occurrence of gene expression under a drought-inducible promoter as intended.

Overexpression of *OsWOX13* showed early flowering
--------------------------------------------------

The phenotypic appearance of flowers of transgenic plants were not different from those of wild type Ilmi. However, overexpression lines of *OsWOX13* showed early flowering. Wild type Ilmi showed heading around Aug. 17th in the irrigated field in Korea, and the transgenic plants showed 7--10 days earlier flowering compared with the Ilmi wild type ([Figs. 5A and 5B](#f5-molce-41-8-781){ref-type="fig"}). We investigated the expression of *OsWOX13* around the panicle-forming stages of mature leaf as early as 40 (Δ40), 33 (Δ33), and 25 (Δ25) days prior to the heading stage using 8-4-1 as a representative (OsWOX13-ov). The stages of 1 cm (P1cm, Δ19) and 8 cm (P8cm, Δ12)-long panicles were also included. As shown in [Fig. 5A](#f5-molce-41-8-781){ref-type="fig"}, *OsWOX13* (F/R) in wild type was induced as early as 33 days prior to heading and maintained its expression up to P8cm. The expression of the gene in all transgenic lines, 1, 8, and 30, was induced 1 week earlier than wild type such that it was expressed as early as 40 days before of pollination. The expression of transgenes distinguished with the *OsWOX13* F/attB2 primer set clearly showed that it was expressed around these stages. The promoter of *rab21* was used for the vector and was also expressed even in irrigated fields ([Fig. 5C](#f5-molce-41-8-781){ref-type="fig"}).

It has been reported that *Hd1* (Os06g0275000) acts either as an activator under short day conditions or a repressor under long day conditions during expression of the florigen, *Hd3a* (Os06g0157700). *hd3a* is expressed and translated in the phloem of the leaf, and its protein is transferred to the SAM to initiate the floral transition. Hd3a is associated with a 14-3-3 protein in the cytoplasm and translocated to the nucleus where it regulates *OsMADS15* (Os07g0108900), a homolog of the Arabidopsis floral identity gene *APETALA1* ([@b35-molce-41-8-781]; [@b94-molce-41-8-781]; [@b100-molce-41-8-781]). The expression level of florigen, *Hd3a*, was not observed as early as 40 to 33 days prior to heading ([Fig. 5C](#f5-molce-41-8-781){ref-type="fig"}). However, it was marginally induced in overexpression lines at 25 days prior to heading. *Hd3a* functions downstream of *Os-MADS14* ([@b43-molce-41-8-781]). We also quantified *Hd3a* and *OsMADS14* by quantitative real-time RT-PCR using *Tubulin* (*Tub*) as a standard ([Fig. 5D](#f5-molce-41-8-781){ref-type="fig"}). Total RNA were prepared from the leaf (Δ25), P8cm (Δ12) and P21cm (Δ5) before the heading stage and 5 days after pollination (5DAP). The analysis showed an increase in *Hd3a* and *OsMADS14* by 4 -16-fold in the leaf (Δ25) and P8cm of the OsWOX13-ov line compared with wild type, confirming the early flowering.

Genome-wide comparison of gene expression during flower development between wild type Ilmi and the OsWOX13 over line
--------------------------------------------------------------------------------------------------------------------

To study how the genes were modulated during the leaf to panicle stages, genome-wide gene expression of wild type and OsWOX13-ov (8--4 lines) was performed using the Rice 3′-Tiling 135 k microarray designed from 31,439 genes (<http://rapdb.lab.nig.ac.jp>). To profile the gene expression, total RNA was extracted from leaf (Δ25), P1cm (Δ19), P8cm (Δ12), P21cm (Δ5) and 5DAP in wild type and OsWOX13-ov lines and hybridized as described in Methods. Two biological data replicates are deposited at NCBI (GSE55984). OsWOX13 was designated HMB4 in the database. When the expression of the leaf (Δ25) of wild type was compared, 4852, 4615, 4268, and 3822 genes were up-regulated at the stages of P1cm, P8cm, P21cm and 5DAP in wild type, respectively, by 2-fold with p-value less than 0.05. The down-regulated genes showed similar ranges of 5047, 4094, 3002, and 2492 at P1cm, P8cm, P21cm, and 5DAP, respectively. When the biological GO terms were searched, the 25 highest clade terms were enriched ([Supplementary Fig. S7A](#s1-molce-41-8-781){ref-type="supplementary-material"}). When the expression of leaf (Δ25) of OsWOX13-ov was compared, 4635, 4951, 4682 and 3990 genes were up-regulated and 5570, 4174, 3477 and 3202 gens were down-regulated at P1cm, P8cm, P21cm, and 5DAP of OsWOX13-ov, respectively, by 2-fold with p-value less than 0.05. The 22 highest clade terms or biological GO terms showed a similar pattern to those of wild type ([Supplementary Fig. S7B](#s1-molce-41-8-781){ref-type="supplementary-material"}). To represent the transition to the panicle from the leaf, development and reproduction, components such as GO:0022414 and GO:0032502 were highly enriched. The biological processes of the OsWOX13-ov line was very similar to those of wild type other than the term GO:0010143_cutin biosynthetic process, which was enriched at the P8cm stage. These data suggested that the OsWOX13-ov line had undergone a similar process as wild type.

Genome-wide gene expression showed the developmental transition from mature leaf to young seed in both Ilmi and OsWOX13-ov. We also measured the gene expression by stage-wise comparison between Ilmi and OsWOX13-ov. The expression was first compared to Ilmi leaf, and then the log 2-based data for OsWOX13-ov were subtracted from the corresponding data of the same stage of wild type ([Supplementary Table S3](#s4-molce-41-8-781){ref-type="supplementary-material"}). When the gene expression of OsWOX13-ov was compared to that of wild type, the 589, 315, 965, 472 and 369 genes were up-regulated and 163, 1091, 440, 485 and 277 genes were down-regulated by 2-fold at the leaf, P1cm, P8cm, P21cm and 5DAP stages, respectively ([Supplementary Fig. S8](#s1-molce-41-8-781){ref-type="supplementary-material"}).

When these genes were subjected to Gominer analysis as described in methods, the profiling of enriched GO terms in OsWOX13-ov was quite different from that of wild type ([Table 1](#t1-molce-41-8-781){ref-type="table"} and [Supplementary Table S4](#s5-molce-41-8-781){ref-type="supplementary-material"}). The up- or down- regulated genes in the stage of leaf (Δ25) for OsWOX13-ov compared with wild type revealed an enrichment, excluding the term GO:0009911_positive regulation of flower development, which was enriched. The genes in this category were Os01g0748800 (PEBP family protein), Os09g0420900 (BTB domain containing protein), Os02g0705500 (bHLH domain containing protein), Os02g0153500 (Protein kinase-like domain containing protein), and Os11g0547000 (Similar to FKF1), and they were increased 2--5-fold in the leaf of OsWOX13-ov compared with wild type, suggesting early flower initiation. In contrast, P8cm and 5DAP showed the most active modification in response to the overexpression of *OsWOX13*.

At the P8cm stage, many related GO terms such as "regulation of metabolic process" (GO:0019222), "carbohydrate metabolic process" (GO:0005975), "catabolic process" (GO:0009056), and "regulation of transcription, DNA-templated" (GO:0006355), were enriched with up-regulated genes in OsWOX13-ov, suggesting that they provide the plant with energy for active growth. These results showed that gene expression and metabolism were positively regulated together at P8cm and P21cm of OsWOX13-ov. Interestingly biotic stress-related terms such as "regulation of defense response" (GO:0031347) and "regulation of jasmonic acid mediated signaling pathway" (GO:2000022) were significantly up-regulated at P8cm and P21cm in OsWOX13-ov. "Response to stimulus" (GO:0050896), "response to abscisic acid" (GO:0009737), and "rhythmic process" (GO:0048511) were up-regulated at P21cm prior to the pollination, but "response to stimulus" (GO:0050896) and "response to abscisic acid" (GO:0009737) were down-regulated at 5DAP of the OsWOX13-ov after suggesting many biological processes change after the stage of pollination. Similarly, chloroplast related genes such as "chloroplast" (GO:0009507), "photosystem II" (GO:0009523), and "photosynthetic membrane" (GO:0034357) were down-regulated from P8cm to P21 cm, but "chloroplast" (GO:0009507) was up-regulated at 5DAP in OsWOX13-ov.

Analysis of the protein binding microarray suggested that ATTG repeats might be *cis*-binding elements of OsWOX13 protein
-------------------------------------------------------------------------------------------------------------------------

To identify putative downstream genes of *OsWOX13*, we analyzed the *cis*-binding elements using a protein binding microarray ([@b44-molce-41-8-781]). We constructed a fusion protein, OsWOX13-DsRed-6His, under the control of the T7 promoter in the pET-32a expression system and hybridized it to a quadruple 9-mer based protein binding microarray (Q9-PBM). The rank and signal intensity plot showed strong binding of OsWOX13 on Q9-PBM ([Supplementary Fig. S9A](#s1-molce-41-8-781){ref-type="supplementary-material"}), and the position weight matrix from strong binding ninemers was constructed ([Supplementary Fig. S9B](#s1-molce-41-8-781){ref-type="supplementary-material"}). These data revealed ATTGATTG as the DNA binding motif of OsWOX13 protein ([Fig. 6A](#f6-molce-41-8-781){ref-type="fig"}). To confirm the absolute presence of the two ATTG repeats, we designed an experiment using a 5′biotin probe that contains five repeats of ATTG and gradually replaced G with C in 5 competitors that made them remain 4-0 repeats of ATTG ([Fig. 6B](#f6-molce-41-8-781){ref-type="fig"}). An electromobility shift assay (EMSA) was performed with these probes. The probe ATTG_5x was strongly shifted by addition of OsWOX13 ([Fig. 6C](#f6-molce-41-8-781){ref-type="fig"}). When the ATTG_5x probe itself was used as a competitor, the band shift was almost inhibited, and the degree of inhibition was gradually disappeared as the number of replaced G was increased. Indeed, the competition activity could only occur when there were at least two repeats of ATTG in the sequence, suggesting that the ATTG repeats might be the cognate binding site.

To obtain more detail on the strength of the binding affinity represented by a number, we carried out an EMSA experiment followed by Sybr Gold staining to determine static kinetic constants. The intensity of the DNA binding band was quantified as described in Methods. The data were fit to the following equation: Y=Bmax\*X/(Kd+X), where Bmax is the maximal binding and Kd is the concentration of ligand required to reach half-maximal binding. The calculated Kd value of ATTG_2x was approximately 0.3 μM ([Fig. 6D](#f6-molce-41-8-781){ref-type="fig"}), which is low enough to act as a DNA binding protein.

A survey of the RAP3.0 database (<http://rapdb.dna.affrc.go.jp/>) showed 5828 among 39102 genes carried the ATTGATTG motif in their 2-kb upstream regions. The number of genes that contained the motif and were up-regulated in OsWOX13-ov (H8) were 11, 11, 52, 11, and 35 at the leaf, P1cm, P8cm, P21cm, and 5DAP stages, ranging from 3--7% among the up-regulated genes ([Supplementary Table S5](#s6-molce-41-8-781){ref-type="supplementary-material"}). In contrast, among the down-regulated genes in the H8 line 5, 32, 7, 35 and 36 genes contained the ATTGATTG motif at the leaf, P1cm, P8cm, P21cm, and 5DAP stages, respectively.

Of 120 genes, 70 could be functionally assigned into 7 groups ([Supplementary Fig. S10](#s1-molce-41-8-781){ref-type="supplementary-material"}). The major group contained genes involved in cell defense and rescue (20%), notably, Os03g0639400, Os02g0786900, Os07g0240200, and Os01g0947000. Os02g0121700, Os10g0101100, and Os10g0465700 comprised the second largest group and are catalytic enzymes (19%). The third and fourth groups corresponded to signaling (11%) and regulation of transcription (10%). There were also 4 genes related to reproductive development (4%). Interestingly, *Hd1-3* (Os08g0536300) was induced in P21cm of OsWOX13-ov. The protein is similar to Hd1, which is known to be a main regulator of the florigen Hd3a. Further results will be presented in the next section. The other two groups were transport (5%) and miscellaneous (3%). As these genes were induced through stages from leaf to 5DAP, the gene expression mechanisms involving *OsWOX13* might be complex during the rice panicle forming processes.

To confirm the microarray experiments, RT-PCR were performed for the 9 genes, including Os03g0639400, Os03g0626700, Os04g0685400, Os12g0630500, and Os04g0437000 ([Supplementary Fig. S11](#s1-molce-41-8-781){ref-type="supplementary-material"}). These genes were up-regulated during at least one of the stages, as predicted by microarray, and they were especially highly induced more than 20 times at the P8cm stage in OsWOX13-ov. These findings were also confirmed in the following microarray experiments, suggesting that genes related to another development are also induced earlier than those in wild type.

Drought-responsive genes and genes involved in flowering might be targets of *OsWOX13*
--------------------------------------------------------------------------------------

Promoter scanning suggested that *OsDREB1A* and *OsDREB1F* have ATTGATTG motifs at -1557, and -1552, respectively from the transcript initiation site ([Supplementary Table S5](#s6-molce-41-8-781){ref-type="supplementary-material"}). We assessed whether they could be activated during abiotic stress-induced overexpression of *OsWOX13*. Compared to its expression in leaves of wild type, *OsDREB1A* was induced in line number 1 and 8 during drought-related stress. *OsDREB1F* was activated in all transgenic lines by drought stress ([Fig. 4B](#f4-molce-41-8-781){ref-type="fig"}). *OsDREB1A* and *OsDREB1F* have previously been reported to enhance stress tolerance in transgenic rice ([@b36-molce-41-8-781]; [@b105-molce-41-8-781]). Thus, the ability of the transgenic rice to tolerate drought in these lines might be a result of the activation of *OsDREB1A* and *OsDREB1F* by *OsWOX13*.

We also scanned the ATTGATTG motif among the 2-kb promoters of the genes related to rice flower development. As described above, *Hd3a* and *OsMADS14* increased 4 -16-fold in the leaf (Δ25) of OsWOX13-ov compared with Ilmi, confirming the early flowering. The promoters of *Hd3a* and *OsMADS14* contained the ATTGATTG motif in the promoters at -1902 and -1016, respectively, from the transcription starts. Taken together, these results suggested *OsWOX13* might be involved in the process of drought response and flowering.

DISCUSSION
==========

Plant flowering is critically influenced by photoperiodic pathways in the developmental stage from vegetation to reproduction. The various environmental stresses, such as drought, cold, and UV, among others, affect the process by modulating gene expression ([@b51-molce-41-8-781]; [@b79-molce-41-8-781]; [@b83-molce-41-8-781]; [@b90-molce-41-8-781]; [@b112-molce-41-8-781]). Each stress, including drought, is mediated by mechanisms through positive and negative regulators ([@b4-molce-41-8-781]). Plants respond to stress through either DE by showing an early flowering phenotype or DT by delayed flowering. Their genetic components seem be maximally adapted according to the local habitat. In an effort to understand how rice responds to acute dehydration, we found that the leaf and root tissues of rice responded to dehydration by up- or down-regulating many processes involved in inhibiting growth and development, while some osmoprotectant and antioxidant pathways, which might help the plant endure harsh conditions, were immediately up-regulated ([@b66-molce-41-8-781]). In addition, various transcription factors, including Myb and the homeodomain family, were induced in 2 h. Since homeodomain TFs have been implicated in many aspects of development, we thought the enhanced expression of *OsWOX13* under the control of *rab21* promoter (5--10 folds high) might provide some clues to elucidate the function of *OsWOX13* related to water deficit stress.

*OsWOX13* was regulated spatially in vegetative organs but temporally in flowers and seeds. Overexpression of *OsWOX13* (OsWOX13-ov) resulted in drought resistance, and several plants showed early flowering. Our data raise the possibility that *OsWOX13* might be a regulator of the genes involved in drought escape and enhance drought resistance.

OsWOX13 is similar in structure but shares few similarities with AtWOX13 and AtWOX14 in expression pattern
----------------------------------------------------------------------------------------------------------

WUSCHEL (WUS) was first isolated from Arabidopsis and then rice and maize, but its functions in development might be divergent ([@b18-molce-41-8-781]; [@b70-molce-41-8-781]). WUS is restrictedly expressed in the organizing center (OC) located below the stem cells of the shoot apical meristem and regulates the size of the shoot meristem by maintaining the appropriate number of pluripotent stem cells in each shoot meristem in Arabidopsis ([@b34-molce-41-8-781]). Subsequently, WUSCHEL-related homeobox (WOX) genes form a large subfamily and are plant-specific ([@b18-molce-41-8-781]; [@b70-molce-41-8-781]; [@b115-molce-41-8-781]). Phylogenetic analysis provided good support for the division of the WOX subfamily into three separate orthologous groups (OGs), WOX1, WOX8 and WOX13, in which WOX13 OG is regarded as the most conserved clade ([@b18-molce-41-8-781]; [@b55-molce-41-8-781]; [@b102-molce-41-8-781]). These proteins function in various physiological and developmental processes, especially embryonic patterning, stem cell maintenance and organ formation. Members of the WOX genes in Arabidopsis, such as *AtWOX2, 3, 6, 9,* and *11*, are expressed in restricted region ([@b115-molce-41-8-781]). *AtWOX5* expressed in the cells of the quiescent center in the root maintains stem cells in the root apical meristem (RAM) and stem cell maintenance capability ([@b115-molce-41-8-781]).

Rice WOX genes, in contrast, are less understood. In contrast to the case of WUS homologs, *QHB*/*OsWOX5* shares the same expression region and similar stem cell maintenance capability as its Arabidopsis homolog *AtWOX5* ([@b115-molce-41-8-781]). *OsWOX3* is also excluded from the shoot apical meristem ([@b17-molce-41-8-781]) as *PRS1*/*AtWOX3* ([@b89-molce-41-8-781]) and *OsWOX11* has been shown to be able to activate the emergence and growth of crown root by recruiting a histone acetyltransferase complex ([@b115-molce-41-8-781]; [@b117-molce-41-8-781]).

[@b15-molce-41-8-781] reported that four genes (*OsWUS*, *OsNS1/OsNS2*, *OsWOX3* and *OsWOX9A*) are specifically expressed during panicle and endosperm development, and six genes (*OsWOX5*, *OsWOX9B*, *OsWOX9D*, *OsWOX11*, *OsWOX12A* and *OsWOX12B*) are preferentially expressed in seeds (72 h after imbibition) during root emergence or growth. *OsWOX13* was named because of its similarity in protein structure to *AtWOX13* ([Supplementary Fig. S2](#s1-molce-41-8-781){ref-type="supplementary-material"} and [Fig. 1](#f1-molce-41-8-781){ref-type="fig"}). WOX13 OG has also been reported as the most conserved clade in plants. However, the expression pattern shows minimal overlap between rice and Arabidopsis members. *OsWOX13* is differentially regulated in vegetative and reproductive organs, demonstrating spatially regulated expression in vascular tissue of leaf/stem/root and temporally regulated expression in flowers and developing seeds. *At-WOX13* is restricted to differentiating organs, and *At-WOX14* is linked to the early stages of organ and tissue development ([@b18-molce-41-8-781]). Both of them are no longer active in the mature organs. In contrast, *OsWOX13* expression could only be detected in active vascular tissue, and no signal was observed in the root/shoot apical meristem or lateral root/shoot at the primordia and emergence stages ([Fig. 2](#f2-molce-41-8-781){ref-type="fig"}). *OsWOX13* was strongly expressed in young organs and still maintained in mature ones ([Supplementary Fig. S4](#s1-molce-41-8-781){ref-type="supplementary-material"}). The only commonality in expression of these 3 genes is their presence in vascular tissue. This difference might be the result of other components, such as the monocot-specific WOX13 motif.

Enhancement of OsWOX13 not only endows drought resistance but also triggers floral development resulting in early flowering
---------------------------------------------------------------------------------------------------------------------------

Previous studies have demonstrated that overexpression of *OsDREB1A* under the CaMV *35S* promoter causes both Arabidopsis and rice to grow slowly because of the constitutively high expression of the transgene ([@b21-molce-41-8-781]; [@b36-molce-41-8-781]). Overexpression of *OsNAC6* under the maize ubiquitin promoter has also been shown to reduce the plant growth rate; however, this trend can be reversed when *OsNAC6* or the cold-inducible promoter *LIP9* is used instead ([@b69-molce-41-8-781]). *OsWOX13* is actively expressed in vascular tissues. Interestingly, it is induced by several stressors, such as drought, heat, cold and salt, suggesting it is involved in responses to abiotic stresses ([Fig. 3](#f3-molce-41-8-781){ref-type="fig"}). Indeed, the intensities of *OsWOX13* in the microarray data using total RNA from leaf and root treated for 2 h with acute dehydration were 6225 and 7299, respectively, and enhanced approximately 2-fold. In contrast, those of *rab21* were enhanced to 22796 and 40185 in these organs and 3--5-fold in the same period, confirming that *rab21* is induced by water deficit and ABA ([@b66-molce-41-8-781]; [@b68-molce-41-8-781]; [@b73-molce-41-8-781]). When *OsWOX13* was under the control of the *rab21* promoter, the overexpression lines showed strong enhancement of the gene in response to acute dehydration ([Fig. 4](#f4-molce-41-8-781){ref-type="fig"}). In addition, these plants showed less severe symptoms in observations of the degree of leaf folding and in water withdrawal and re-watering experiments. The induction of *DREB1A* and *DREB1F* also suggested that overexpression of the gene conferred drought resistance.

The HD protein family in rice is large, and its members are primarily involved in developmental processes. However, the expression levels of these genes are also modulated during abiotic stress. When [@b38-molce-41-8-781] performed a microarray analysis of 7-d-old seedlings that had been subjected to desiccation, salt or cold, a total of 37 homeobox genes were found to be differentially expressed under at least one stress condition. The expression of *OsWOX13* was induced both by desiccation ([@b38-molce-41-8-781]) and by acute dehydration ([@b66-molce-41-8-781]). Previously, only one homeobox transcription factor (*BIDH1*) had been reported to function during the abiotic stress response in rice ([@b58-molce-41-8-781]). However, *BIDH1* overexpression has been shown to enhance the plant's sensitivity to salt and oxidative stress, resulting in increased cellular damage in response to these stressors. Thus, *OsWOX13* is the only homeobox gene in rice that has been reported to enhance tolerance to stress. Expression profiling of panicle development showed an enhancement of oxidative stress in young transgenic panicles ([Supplementary Fig. S8](#s1-molce-41-8-781){ref-type="supplementary-material"} and [Supplementary Table S4](#s5-molce-41-8-781){ref-type="supplementary-material"}). As oxidative stress is one of the results of drought responses and *OsWOX13* was up-regulated during drought (in this report) and salt stresses (unpublished data), these data support its involvement in the stress pathway.

Interestingly, *OsWOX13* was induced in mature leaves as early as 40 days prior to heading and inflorescence tissue of transgenic plants under normal conditions, resulting in 7--10-day-earlier flowering and suggesting that *OsWOX13* might be involved in not only the drought response but also developmental processes such as flowering ([Fig. 5](#f5-molce-41-8-781){ref-type="fig"}). Quantitative PCR clearly showed that the expression of *Hd3a* and *Os-MADS14* increased 4 -16-fold in the leaf of the OsWOX13-ov line as early as 25 days before heading. Rice is a facultative SD type plant, and *hd3a* and *RFT1* are the main florigenes under SD and LD, respectively ([@b30-molce-41-8-781]; [@b35-molce-41-8-781]). These data strongly suggest that flowering is initiated earlier in OsWOX13-ov than wt plant. This finding has also been confirmed in genome-wide comparisons with samples from the stage of leaf (Δ25), which revealed an enrichment of the term GO:0009911_positive regulation of flower development ([Supplementary Table S4](#s5-molce-41-8-781){ref-type="supplementary-material"}). These findings strongly suggest the involvement of *OsWOX13* in responses not only to abiotic stress but also developmental processes.

OsWOX13 might be involved in multiple signaling pathways
--------------------------------------------------------

The expression profiling of panicle development showed an enhancement of terms related to water deprivation, salt stress, osmotic stress, and abscisic acid in young transgenic panicles in OsWOX13-ov, suggesting that the over-expressing line responded to abiotic stress ([Supplementary Table S4](#s5-molce-41-8-781){ref-type="supplementary-material"}). In addition, terms related to biotic stress such as biotic stimulus defense, including response to fungus and hormones such as jasmonic acid and ethylene, were highly enriched. These observations are in agreement with previous results demonstrating a cross-talk between abiotic and biotic stresses in many overexpression lines. The signaling is exerted through complicated and dynamic networks with many members such as calcium, redox homeostasis, membranes, G-proteins, MAPKs, plant hormones and transcription factors ([@b47-molce-41-8-781]; [@b88-molce-41-8-781]). The members of these components could be activated by overlapping receptors/sensors such that cross-talk occurs among stresses or stimuli but produces distinct final outputs that are specific to each stimulus. It is not uncommon that transcription factors are main factors in the crosstalk between signaling pathways. For example, the ethylene-responsive transcription factor SUB1A is induced by flooding by repressing gibberellic acid (GA) signaling ([@b24-molce-41-8-781]; [@b25-molce-41-8-781]; [@b110-molce-41-8-781]). SUB1A is also implicated in drought tolerance by induction of the expression of ET-responsive and ABA-inducible transcripts, which aid in recovery from cellular dehydration. Interestingly, SUB1A prevents oxidative damage by restricting the accumulation of ROS ([@b103-molce-41-8-781]). Some other transcription factors, such as WRKY13 and OsbHLH068, are involved in abiotic and biotic stress signaling and are antagonistic ([@b13-molce-41-8-781]; [@b108-molce-41-8-781]).

Cross-talk between signaling pathways can also be mediated by ROS and possibly influence developmental processes ([@b50-molce-41-8-781]; [@b53-molce-41-8-781]; [@b67-molce-41-8-781]; [@b72-molce-41-8-781]; [@b75-molce-41-8-781]; [@b81-molce-41-8-781]) because ROS seems to be associated with many different signaling events. In our data, the GO:0045730_respiratory burst and GO:0002679_respiratory burst involved in the defense response are also highly enriched terms, which suggests that the level of ROS had increased and might influence other signaling pathways ([Supplementary Table S4](#s5-molce-41-8-781){ref-type="supplementary-material"}). These data suggest that the level of ROS seem to be enhanced and might be interpreted as a pathogen infection. The sources of ROS are photosynthetic and respiratory electron transport chains, NADPH oxidase, photorespiration, amine oxidase, and cell wall-bound peroxidases. NADPH oxidases play a crucial role in ROS production during pathogen infection ([@b20-molce-41-8-781]; [@b42-molce-41-8-781]; [@b98-molce-41-8-781]) The exact differentiation of the signals has not been determined. Plant cells might recognize the increased oxidative stress and interpret it as biotic stress and increase gene induction in the category of defense responses producing prominent cross-talk between abiotic and biotic stresses. It is noteworthy that SA involvement in endogenous signaling in plant defense against pathogens induces flowering in many species belonging to the *Lemnaceae*. This phenomenon has been implicated in the stress-induced flowering of *A. thaliana* ([@b104-molce-41-8-781]). As plant disease resistance occurs as a hypersensitive response (HR) at the site of attempted pathogen invasion and oxidative burst, it is strongly dependent on the resistance of the cultivar. Yeast two-hybrid screening using the C-terminal region of tobacco NADPH-oxidase D, NtRBOHD, identified a 14-3-3 protein as an interactor ([@b22-molce-41-8-781]).

OsWOX13 might contribute to cross-talk by modulating gene regulation
--------------------------------------------------------------------

As indicated by the overexpression of transcription factors such as SUB1A and WRKY13, the pathway to drought tolerance and early flowering might be more gene-specific. Our analysis to identify the motif of OsWOX13 using Q9-PBM suggested that many genes might be directly activated by OsWOX13 through the ATTGATTG motif ([Supplementary Table S5](#s6-molce-41-8-781){ref-type="supplementary-material"} and [Fig. 4](#f4-molce-41-8-781){ref-type="fig"}). A motif search in UniPROBE also provided various GA or AT-rich motifs of homeodomain containing transcription factors such as UP00615B_1 and UP00158A_1 in human and mouse, respectively (the_brain.bwh.harvard.edu; ([@b33-molce-41-8-781])). Especially, UP00158A_1 contains AATTAATTA and ATTA repeats and showed a base (A to G) difference with ATTG repeats in the ATTGATTG motif in our analysis.

The genes that respond to biotic stress processes and contain an ATTGATTG motif in their promoters are Os01g0946700 (glucan endo-1,3-beta-glucosidase), Os02g0638650 (pathogenesis-related transcriptional factor and ERF domain containing protein), Os07g0240200 (Beta-1,3 glucanase precursor), and Os12g0481700 (disease resistance protein family protein), which were enhanced in OsWOX13-ov. The genes *OsDREB1A* and *OsDREB1F* have previously been reported to enhance stress tolerance in transgenic plants ([@b36-molce-41-8-781]; [@b105-molce-41-8-781]), and the promoters of these genes contain the ATTGATTG motif. Compared to its expression in Ilmi leaves, *OsDREB1A* was highly expressed in line number 1 and 8 during drought-related stress. Its expression was also enhanced in all three OsWOX13-ov transgenic lines during salt-related stress (data not shown). *OsDREB1F* was activated in all transgenic lines by drought stress ([Fig. 4](#f4-molce-41-8-781){ref-type="fig"}). These data suggest that *OsWOX13* might be involved in the regulation of gene expression in a pathway-specific manner.

The observation that the promoters of *Hd3a* and *Os-MADS14* contain this motif raises the possibility that the expression of these genes might be under the control of OsWOX13. Indeed, and the expression of these genes was enhanced in the OsWOX13-ov lines ([Figs. 5C and 5D](#f5-molce-41-8-781){ref-type="fig"}). Taken together, these data suggest that the drought response and early flowering might be regulated through *OsWOX13* control of the genes. *OsWOX13* might also be involved in later reproductive development through genes containing the motif in their promoters. They were Os11g0684000, similar to *AtMYB21*; Os10g0552600, similar to *Tfm5*; and Os03g0830500, similar to petunia germination pollen-specific proteins (*PGPS/D12*). AtMYB21 acts together with AtMYB24 and AtMYB57 to regulate the development of stamen filaments in Arabidopsis in a GA-dependent manner ([@b14-molce-41-8-781]; [@b62-molce-41-8-781]; [@b92-molce-41-8-781]). *Tfm5* has been used to enhance the early fruiting in tomato ([@b40-molce-41-8-781]; [@b59-molce-41-8-781]; [@b86-molce-41-8-781]). Slightly higher induction of *Osc6* and significant up-regulation of *OsCP1* has been seen in P8cm, which corresponds to the formation of uninucleated gametophytes ([@b37-molce-41-8-781]). This result is in line with reports showing that *Osc6* and *OsCP1* are specific for the microspore stage ([@b54-molce-41-8-781]; [@b99-molce-41-8-781]; [@b114-molce-41-8-781]) and impose a possible effect of *OsWOX13* during the development of anther, suggesting that *OsWOX13* is involved in multiple pathways, which awaits further analysis.

OsWOX13 might modulate drought resistance and induction of flowering
--------------------------------------------------------------------

Plants seem to harbor genetic systems conferring both dehydration avoidance and drought escape strategies. Rice is generally sensitive to drought, and the mechanisms leading to drought tolerance are complex both genetically and physiologically ([@b7-molce-41-8-781]). Many rice cultivars tend to delay flowering in response to drought treatment ([@b107-molce-41-8-781]). However, DE and DT are also observed in the genetic dissection of adaptive strategies to water stress ([@b109-molce-41-8-781]) in rice. As observed in Arabidopsis, during reproductive development, flowering seems to be severely affected by drought stress, and DE might be activated to secure the production of offspring for the survival of species ([@b60-molce-41-8-781]; [@b83-molce-41-8-781]). Flowering of Arabidopsis, a model dicot plant, is regulated by several environmental factors such as day length, vernalization, and hormones. Under a long day (LD), the flowering time is regulated by CONSTANS (CO) in terms of expression, protein stability and activity ([@b101-molce-41-8-781]). CO protein, a zinc finger transcription factor, acts during long-day conditions to facilitate the transcription of the *FT* gene, an equivalent of Hd3a in rice. The FT protein interacts with a bZIP transcription factor, FD, which is expressed in the shoot apex and induces *SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1* (*SOC1*), MADS box and AP transcription factors, which are crucial for floral morphology ([@b1-molce-41-8-781]; [@b16-molce-41-8-781]; [@b78-molce-41-8-781]; [@b87-molce-41-8-781]; [@b113-molce-41-8-781]). In Arabidopsis, abscisic acid is required for the DE response, positively regulating flowering under long-day conditions and showing the central role of the flower-promoting gene GI and the florigen genes *FT* and *TSF* in the DE response. The role of ABA in regulating the floral transition was initially proposed as an inhibitor in flowering based on the early-flowering phenotype of an ABA-deficient mutant ([@b49-molce-41-8-781]). However, early flowering was also observed in constitutively activated ABA signaling mutants, and later flowering was observed in the mutants of ABA biosynthesis under LD conditions ([@b83-molce-41-8-781]; [@b84-molce-41-8-781]), suggesting a positive role of ABA in flowering.

The mode of transcription factors in floral transition regarding photoperiod could also be complex in rice. Recently, a bZIP transcriptional factor, *O. sativa ABA responsive element binding factor 1* (*OsABF1*), was shown as a suppressor of floral transition in a photoperiod-independent manner ([@b116-molce-41-8-781]) when gene expression was controlled by the maize *ubiquitin* promoter (Pubi). However, knockdown of both *OsABF1* and its closest homologous gene, *OsbZIP40*, in rice (*Oryza sativa*) by RNA interference resulted in a significantly earlier flowering phenotype. As the *OsWOX13* was constructed under rab21 in our study, the mode of expression of OsWOX13 might be influenced by the internal ABA quantity under physiological conditions ([@b68-molce-41-8-781]). However, the promoter effect might be minimal, as our 5 other WOX vector constructs under the same promoter did not lead to early flowering (data not shown). Although the early flowering phenotype was observed without drought conditions, our data suggest that OsWOX13 might be involved both in drought resistance and in the induction of flowering. OsWOX13 might be the mediator of these pleiotropic effects.
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![Domain analyses of WOX13 OG proteins. The evolutionary history was inferred from homeodomain sequences ([Supplementary Fig. S1](#s1-molce-41-8-781){ref-type="supplementary-material"}) using the neighbor-joining method\
The evolutionary distances were computed using the Poisson correction method and are expressed as the number of amino acid substitutions per site. Members of WOX1, WOX8 and WOX13 orthologous groups are connected by blue, red and green lines; respectively. Arabidopsis genes in each OG are represented by OG-specific colored characters. Os01g0818400/*OsWOX13* is colored and boxed.](molce-41-8-781f1){#f1-molce-41-8-781}

![Histochemical analysis of OsWOX13p::GUS reporter gene expression in plant development\
(A) Mature and (B) 2-day imbibed seeds. (C) A 5-day seedling. (D, E) Magnificent of a leaf blade (D) and longitudinal cut through a seed and stem (E) of a 5-day seedling. The white arrow in (E) indicates the position where *GUS* expression stopped on the crown root. (F) Cross-section of a crown root from a 7-day seedling. (G) Lateral root initiation in a 7-day seedling crown root. (H, I) Junctions with developed (H) and developing (I) lateral root in a 7-day seedling radicle. (J) Six-week-old stem with all developed leaves removed. The arrow shows the position of an auxiliary tiller where it is cross cut (K) and 12-μm-sectioned (L). The section in (L) was stained with toluidine blue. (M) The 12-μm cross-section of the SAM sample was stained with toluidine blue. (N) Hand section of a node from an unelongated stem. (O) Hand section of node N^th^ counted upward along an elongated stem. In node N^th^, DVs only surround and connect to enlarged large VBs of leaf N^th^ at NVA. VBs of leaf (N+1)^th^ are not enlarged and only pass through the node. (P) Panicles at the very early stage of inflorescent formation. (Q to T) Floret organs at stage (Q) 1 cm, (R) 12 cm, and (S) before and (T) after pollination. (U, left to right) Seeds at 2, 4, 6, 8, and 10DAP. Scale bar = 0.2 cm (a, b, c, e, j, t); 50 μm (F, H) or 200 μm (others). sc: scutellum, pl: primary leaf, ra: radicle, cr: crown root, me: mesocotyl, mv: main vien, NVA: nodal vascular anatomoses, VBs: vascular bundles, P~LN~ and X~LN~: phloem and xylem of enlarged large VBs of leaf N^th^, S~N~: enlarged small VBs of leaf N^th^, L/S~N+1~: large/small VBs of leaf (N+1)^th^, DVs: diffuse vascular bundle, SAM: shoot apical meristem, IM: inflorescence meristem, DAP: day-after-pollination.](molce-41-8-781f2){#f2-molce-41-8-781}

![Induction of OsWOX13 by abiotic stressors\
(A) RT-PCR analysis confirmed that Os01g0818400/OsWOX13 were moderately up-regulated under drought stress in leaf and root. (B) Leaves of 14-d greenhouse-grown seedlings were collected directly (NC) or subsequently the whole plant was air-dried (dry) in a growth chamber. Another set was removed from soil to water and kept in a chamber at 28°C (H~2~O), 42°C (heat) or 4°C (cold). Then, 400 mM NaCl was also added to the water to induce salt stress (salt). All leaves were collected after 3 h.](molce-41-8-781f3){#f3-molce-41-8-781}

![Seedlings of transgenic rice under dehydration and OsWOX13 expression pattern\
Seeds were germinated in soil (12 seeds/5x5x6 cm pot). Drought stress was conducted by water-withdrawal for 1 day in 2-week-old seedling followed by rewatering for 2 days (A). Leaves were collected, and the expression of OsWOX13 was examined (B). Bands were quantified and divided to assess the corresponding ubi to obtain the relative ratio to ubiquitin given as the number under each band. Given that ubi is the constitutive primer, all bands of ubi were calibrated to 1.00.](molce-41-8-781f4){#f4-molce-41-8-781}

![Overexpression of OsWOX13 (rab21 promoter) showed early flowering\
(A) Three T~3~lines showed the early flowering phenotype in the field. Wild type Ilmi showed heading around Aug. 17th in the irrigated field, and the transgenic plants showed 7--10-d earlier flowering compared with Ilmi. (B) Normal distribution of heading dates of transgenic and wild type plants. (C) Mature leaves were collected at day 40, 33, 25 (Δ40, Δ33, Δ25; respectively) prior to the heading date. The 1 cm (P1cm, Δ19) and 8 cm (P8cm, Δ12)-long panicles were also included. The transgenic line 8-4-1 was used as a representative (OsWOX13-ov). (D) The expression level of flowering-related genes by qPCR with tubulin as the expression standard.](molce-41-8-781f5){#f5-molce-41-8-781}

![Analysis of the putative DNA binding sequence of OsWOX13\
(A) LOGO of *cis*-acting element from the Q9-PBM results. (B) Sequences of non-biotinylated competitors (Cp) used in (c). (C) EMSA-based competition analysis. (D) DNA binding affinity graph of OsWOX13 protein with ATTG-2x non-biotinylated probe in an EMSA-based test.](molce-41-8-781f6){#f6-molce-41-8-781}

###### 

Biological processes enriched by 2-fold up-regulated genes in transgenic young panicles.

  Up regulated genes                                                    REFLIST   Stages[a](#tfn1-molce-41-8-781){ref-type="table-fn"}                                           
  --------------------------------------------------------------------- --------- ------------------------------------------------------ -- ---- ---------- ---- ---------- ---- ----------
  Regulation of metabolic process (GO:0019222)                          2909                                                                46   4.18E-08   26   1.04E-03        
  Carbohydrate metabolic process (GO:0005975)                           1400                                                                21   3.01E-02                        
  Negative regulation of catalytic activity (GO:0043086)                241                                                                 9    1.02E-02                        
  Catabolic process (GO:0009056)                                        2060                                                                27   2.16E-02                        
  Negative regulation of cellular metabolic process (GO:0031324)        303                                                                 10   9.14E-03                        
  Anchored component of plasma membrane (GO:0046658)                    208                                                                 8    8.51E-03                        
  Extracellular region (GO:0005576)                                     794                                                                 29   2.81E-13                        
  Enzyme inhibitor activity (GO:0004857)                                243                                                                 9    8.55E-03                        
  Chitinase activity (GO:0004568)                                       72                                                                  8    8.07E-06                        
  Regulation of jasmonic acid mediated signaling pathway (GO:2000022)   18                                                                  4    4.77E-03   3    4.01E-02        
  Regulation of defense response (GO:0031347)                           42                                                                  5    5.48E-03   4    1.48E-02        
  Regulation of transcription, DNA-templated (GO:0006355)               2273                                                                36   7.12E-06   26   8.54E-06        
  Response to stimulus (GO:0050896)                                     3509                                                                                26   2.95E-02        
  Response to abscisic acid (GO:0009737)                                113                                                                                 5    4.27E-02        
  Rhythmic process (GO:0048511)                                         14                                                                                  3    1.90E-02        
  Single-organism process (GO:0044699)                                  8977                                                                77   7.83E-03                   84   1.53E-02
  Chloroplast (GO:0009507)                                              845                                                                                                 18   2.08E-03
  Response to heat (GO:0009408)                                         43                                                                                                  5    1.13E-02
  Response to external stimulus (GO:0009605)                            151                                                                                                 8    6.84E-03
  Transmembrane transport (GO:0055085)                                  1455                                                                                                26   1.33E-03
  Membrane (GO:0016020)                                                 10519                                                                                               91   3.79E-02
  Nutrient reservoir activity (GO:0045735)                              89                                                                                                  12   6.04E-10
  Substrate-specific transmembrane transporter activity (GO:0022891)    955                                                                                                 19   7.40E-03

Stages are indicated as in [Fig. 5C](#f5-molce-41-8-781){ref-type="fig"}
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